Objectives-Identify gene variants associated with early-onset myocardial infarction (MI).
M yocardial infarction (MI) is a complex disease with a strong genetic component. Gene variants are thought to affect traditional risk factors for MI such as hypertension, hypercholesterolemia, and diabetes. 1 In addition, family history of cardiovascular disease is a risk factor independent of traditional risk factors and is driven largely by genetic variation. 2, 3 Genetic factors have been shown in twin studies to be particularly important for increasing the risk of earlyonset MI. 3, 4 Patients who experience early-onset MI may not be effectively identified by current cholesterol treatment guidelines such as those suggested by the National Cholesterol Education Program. 5 Because risk for MI can be reduced by lifestyle changes and by treatment of modifiable risk factors, better methods to identify patients at risk of early-onset MI could be useful for making treatment decisions.
Genetic markers for risk of early-onset MI could potentially be incorporated into individual risk assessment protocols. Genetic markers have the advantage of being easily detected at any age, yet there is currently no consensus on which genetic markers, if any, are suitable for identification of risk for early-onset MI. Thus, we asked whether genetic variants associated with early-onset MI could be identified by investigating 11 647 gene-centric, putatively functional single-nucleotide polymorphisms (SNPs) in case-control studies of early-onset MI.
Materials and Methods

Design and Strategy
To identify genetic polymorphisms associated with early-onset MI, we interrogated 3 case-control studies comprising cases with a history of early-onset MI and controls without a history of MI. We excluded young controls because they could experience an earlyonset MI shortly after recruitment. The first 2 case-control studies (study 1 and study 2) identified SNPs nominally associated with early-onset MI. The hypotheses that these SNPs are associated with early-onset MI were tested in study 3. To increase the number of SNPs that could be tested in study 1 and study 2, we determined the allele frequency of each SNP in pools of case and control DNA 6 before determining the genotype of a smaller number of SNPs for all individual DNA samples. SNPs (69%) are missense or nonsense, or they modify acceptor and donor splice sites. Other SNPs (25%) are located in transcription factor binding sites or in untranslated regions of mRNA, which could affect mRNA expression or stability. Most of the SNPs studied (73%) have minor allele frequencies Ͼ5% in whites.
Allele Frequency and Genotype Determination
DNA concentrations were standardized to 10 ng/L using PicoGreen (Molecular Probes) fluorescent dye. 7 Allele frequencies in pooled DNA and genotypes of individual DNA samples were determined by kinetic polymerase chain reaction 8 (see the online supplement, available at http://atvb.ahajournals.org).
Subjects
Cases had a history of early-onset MI, and controls had no history of MI; all subjects gave informed consent and completed an institutional review board-approved questionnaire. Study 1 and study 2 are subsets of patient populations we described previously. 9 Participants in study 1 were patients of the Cleveland Clinic Foundation Heart Center who had undergone diagnostic or interventional cardiac catheterization between July 2001 and March 2003. The patients considered for inclusion in study 1 had a median age at enrollment of 63 for females and 58 for males. All cases in study 1 were below the median age for their sex at either the time of their enrollment or the time (if known, 103 cases) of their MI. Conversely, all controls were older than the median age for their sex.
Participants in study 2 and study 3 were enrolled between July 1989 and May 2005 by the University of California, San Francisco (UCSF) Genomic Resource in Arteriosclerosis. The cases in study 2 and study 3 had had their first MI before the age of 55 for males or 60 for females. Controls had no history of MI, diabetes, or symptomatic vascular disease. In study 2, male controls were Ͼ65 years of age and female controls Ͼ60 years of age; these controls had no known first-degree relative with a history of symptomatic coronary disease before age 65. In study 3, male controls were Ͼ60 years of age and female controls Ͼ65 years of age. Participants in all 3 studies were white (see online supplement).
Statistical Analysis
Tagging SNPs were selected by pairwise tagging using Tagger 10 as implemented in Haploview. 11 We assessed association between continuous phenotypes and disease status by the Wilcoxon rank sum test, continuous phenotypes and genotype by the Kruskal-Wallis test, MI status and allele frequencies by 2-tailed 2 tests, diabetes status and MI risk allele by logistic regression (Wald test), MI status and genotype and by multiple logistic regression (Wald test), and MI status and haplotype by score statistics. 12 Potential interaction between each traditional risk factor and genotype was tested in separate logistic regression models that included the interaction (cross-product) term between the risk factor and the genotype; these models also included main effect terms for the genotype and the other risk factors. In study 3, because we tested a single, prespecified risk allele for each SNP, we present 1-sided P values and 90% CIs (for odds ratios [ORs] Ͼ1, there is 95% confidence that a true risk estimate is greater than the lower bound of a 90% CI). Similarly, when testing for association of diabetes with a prespecified risk allele, we present 1-sided P values. Because we considered 3 genetic models (dominant, recessive, and additive) for each SNP tested in study 3, we corrected these P values for multiple testing using a permutation test (see online supplement). False discovery rate (FDR) was calculated using the MULTTEST procedure 13 (SAS statistical package Version 9.1) using the permutation-based minimum P values.
Results
Study Populations
For all 3 studies, the prevalence of traditional risk factors was higher in the case groups than in the control groups (supplemental Table I ). There were significantly more males in the case groups than in the control groups of study 2 and study 3. The mean age at enrollment was higher in the control groups of all 3 studies because of study design. In all 3 studies, the median age of MI was Յ53 years for females (53, 52, and 47 in studies 1, 2, and 3, respectively) and Յ50 years for males (50, 44, and 47 for studies 1, 2, and 3, respectively), reflecting the recruitment of cases who experienced MI at an early age.
Hypotheses Generation in Study 1 and Study 2
In study 1, the first hypotheses-generating study, we asked which of 11 647 SNPs were associated with early-onset MI by comparing the allele frequencies between cases and controls. We found 666 SNPs associated with early-onset MI in study 1 (unadjusted PϽ0.05; supplemental Table II ). In study 2, the second hypotheses-generating study, we tested these 666 SNPs for association with early-onset MI in pooled DNA samples and selected the 16 SNPs that had the lowest P values (PϽ0.022) for further study. We then determined the genotypes of these 16 SNPs in all the individual DNA samples of study 1 and study 2 to confirm the results obtained using pooled DNA. We found that 8 of these SNPs (in 7 genes) were associated with early-onset MI (PϽ0.05) and had the same risk allele in both studies (Table 1) . Because the other 8 SNPs had a nominal PϾ0.05 in 1 of the 2 studies, they were not included in further analysis.
Hypotheses Testing in Study 3
In study 3, we tested the hypotheses formulated in study 1 and study 2, namely that a specific allele of each of the 8 SNPs is associated with early-onset MI. The genotype distributions for these 8 SNPs did not deviate from Hardy-Weinberg equilibrium (PϾ0.13). We calculated the risk associated with each genotype of the 8 SNPs using the prespecified risk allele (supplemental Table III ). Because the genotypic risk estimates suggested that specific genetic models might be appropriate for some of these SNPs, we tested each SNP in 3 genetic models (recessive, dominant, and additive) while adjusting traditional risk factors. After adjusting the resulting P values for testing multiple models, we calculated the FDR for each independent SNP ( Table 2) . We considered only 7 of the 8 SNPs tested in study 3 to be independent because the 2 SNPs in AQP10 are only 322 bp apart and are in strong (r 2 ϭ0.995) linkage disequilibrium (LD). We found that 2 of these 7 SNPs were associated with early-onset MI in study 3 (PϽ0.05; FDR Ͻ10%): 1 in HNRPUL1, which encodes a heterogeneous ribonuclear protein that participates in nucleocytoplasmic RNA transport, 14 and 1 in VAMP8, which is a vesicle docking protein that plays a role in platelet degranulation. 15 Because we selected controls who did not have diabetes and who were older than cases, we were unable to adjust the risk estimates of these 2 SNPs for the effect of age or diabetes. However, we observed no significant association of the risk alleles of the VAMP8 or HNRPUL1 SNP with either age or diabetes. For the VAMP8 SNP, the median age of controls in study 2 was 75.6 years for carriers and 75.7 years for noncarriers and 70.2 and 70.8 years in study 3 (PϾ0.2 for both studies). For HNRPUL1, the median age of controls in study 2 was 75.7 for carriers and 75.6 for noncarriers and 70.3 and 70.4 years in study 3 (PϾ0.5 for both studies). When we tested the association of the prespecified risk alleles of these SNPs with diabetes in the control groups of study 2 and study 3, the OR was 0.66 in study 2 and 0.62 in study 3 for the dominant model of the VAMP8 SNP (PϾ0.9 for both studies) and 1.22 in study 2 and 1.23 in study 3 for the recessive model of the HNRPUL1 SNP (PϾ0.25 for both studies).
We did not observe significant interactions between the risk genotypes and traditional risk factors (sex, dyslipidemia, hypertension, smoking, and body mass index) in the fully adjusted model of study 3 (risk factor by genotype interaction all PϾ0.05); however, because some risk factors may be sex specific, we also determined the risk estimates of the VAMP8 and HNRPUL1 SNPs in male and female subgroups. To increase the power to detect differences between the subgroups, we conducted a combined analysis of the study 2 and study 3 subjects (all of the UCSF subjects) and found that the risk estimate of the VAMP8 variant was higher in males (OR, 1.97) than in females (OR, 1.09; P interactionϭ0.048). The risk estimates of the HNRPUL1 SNP did not differ between the male and female subgroups.
LD and Risk in the VAMP8 and HNRPUL1 Regions
We then investigated whether these 2 SNPs (in VAMP8 and HNRPUL1) were simply markers for other SNPs that were more strongly associated with early-onset MI. In study 2, the largest study, we investigated 11 SNPs in the Ϸ80-kb VAMP8 LD region (Figure, A) , including 4 potentially functional SNPs (rs1010, rs1058588, rs699664, and rs14242; supplemental Table IV ). The VAMP8 region includes 64 SNPs that have allele frequencies Ͼ2% (HapMap public release No. 19 16 ), and 59 of these were tagged (mean r 2 ϭ0.95) by the SNPs we investigated (9 of the 11 SNPs were tagging SNPs). We found that none of these 11 SNPs were more strongly associated with MI than the initially identified SNP (rs1010). However, 1 of these SNPs, rs1058588, was in perfect LD with rs1010 (r 2 ϭ1.0 in study 2), and thus, this pair of SNPs can be considered a single VAMP8 variant: all chromosomes carry both or neither risk allele for these 2 SNPs. Three of the 9 tagging SNPs trended (PϽ0.1) toward association with MI; however, the risk estimates for these SNPs were markedly reduced after adjustment for the risk associated with rs1010 (supplemental Table IV ). Conversely, the risk estimates of rs1010 were minimally affected when adjusted for any other SNP we tested in this region. For the Ϸ110-kb HNRPUL1 LD region (Figure, B) , we investigated 6 tagging SNPs and 4 potentially functional SNPs (Chr19:46508042, rs6957, rs1800472, and rs1982073) in study 2 (supplemental Table IV ). The HNRPUL1 region contains 44 SNPs that have allele frequencies Ͼ2% (HapMap public release No. 19 16 ), and 38 of these were tagged (mean r 2 ϭ0.93). Two of these tagging SNPs were associated with MI: the initially observed rs11881940 and rs12981053, which had an OR of 1.35 (Pϭ0.027). When the risk estimates for these 2 SNPs were adjusted for each other, both risk estimates were dramatically reduced (supplemental Table IV ). Thus, these 2 SNPs were equivalently associated with risk of MI in study 2, a result that is consistent with their similar allele frequencies (86% and 88%) and strong linkage (r 2 ϭ0.72 in study 2). The OR for the 2-SNP haplotype containing the risk alleles of both these SNPs was 1.30 (Pϭ0.047), which does not differ appreciably from the ORs of the individual SNPs (supplemental Table V ).
Discussion
We identified 2 genetic variants associated with early-onset MI by conducting 3 association studies that included cases with early-onset MI and controls who were Ͼ58 years of age. These are variants of VAMP8, a gene involved in platelet degranulation, 15 and HNRPUL1, a gene encoding a heterogeneous ribonuclear protein believed to be involved in mRNA processing and transport. 14 VAMP8 is on chromosome 2 and encodes a vesicledocking protein required for platelet-dense granule secretion, 15 which leads to platelet activation, a process that contributes to MI. Coronary heart disease linkage studies have identified several peaks on chromosome 2, 17-19 1 of which is a broad 68-mbp peak that contains VAMP8. 17 Our analysis of tagging and putative functional SNPs in the VAMP8 region indicated that the VAMP8 variant most significantly associated with early-onset MI comprised rs1010 and rs1058588, 2 SNPs that were completely concordant in study 2. These SNPs are 111 bp apart in a portion of the 3ЈUTR of the VAMP8 transcript that also contains putative binding sites for 2 microRNAs 20 (miR96 and miR15). The VAMP8 risk variant may reduce the stability of a predicted stem-loop structure (based on predictions by the MFOLD program 21 ). Thus, one could speculate that destabilization of this stem loop might enhance miR96 binding, which could affect mRNA translation. However, functional studies of VAMP8 protein expression or activity are needed to further characterize this variant. This VAMP8 risk variant may have different effects in different populations. In a combined analysis of study 2 and study 3, the risk estimate for early-onset MI was higher in males than in females; however, future studies would be needed to confirm this observation. Association between this VAMP8 variant and MI should also be investigated in nonwhite populations (see online supplement for frequency information in nonwhite populations).
We also found that an SNP in HNRPULL1, which encodes 1 of a family of heterogeneous nuclear ribonucleoproteins, was associated with early-onset MI in study 3. HNRPUL1 plays a role in RNA transport, processing, and transcriptional regulation. 14, 22 Because the major allele of the HNRPUL1 SNP is associated with risk of early-onset MI, one could consider either the minor allele to be protective or the major allele to be contributing to risk in many members of the population. However, investigation of other SNPs in this region revealed that the HNRPUL1 SNP (rs11881940) and a tagging SNP (rs12981053) had similar association with earlyonset MI. This tagging SNP is located between the MGC20255 and TGFB1 genes. Determining which of these SNPs is most strongly associated with early-onset MI would require a much larger association study because only Ϸ1% of the study 2 population carries a risk allele for 1 SNP but not the other. Alternatively, functional studies could indicate whether either of these 2 SNPs is causally associated with early-onset MI. For example, rs11881940 is in an intron of HNRPUL1 and alters a conserved adenine in a putative interferon regulatory factor-1 binding site. In a shorter alternative transcript of HNRPUL1 (AK021455), this SNP causes a coding change (Tyr41Phe). The associated tagging SNP in rs12981053 is intergenic, thus it seems less likely to be functional.
In association studies that test thousands of SNPs, multiple-hypothesis testing can lead to false-positive results. Therefore, we used 3 sequential studies to reduce the number of hypotheses tested in the last study and then estimated the effect of multiple testing on the results. We used the first 2 studies to reduce the number of hypotheses from the 11 647 SNPs tested in study 1 to the 7 independent hypotheses tested in study 3. Because testing even 7 hypotheses could generate false positives, we set 10% as the FDR criterion for accepting nominally significant associations. That is, we expected that Ͻ1 of 10 SNPs considered significant would be a false positive.
In study 3, 2 gene variants were associated with early-onset MI, and in a previous study, we reported 4 other gene variants that were associated with MI. 9 We included subjects from a previous report in the studies described in this report if the age of the subject was consistent with the constraints of our early-onset MI study design. The relationships between the subjects and SNPs studied in these 2 reports are as follows. Study 1 subjects in this report were subjects in study 2 of the previous report. Study 2 cases in this report were cases in the previous report (110 in study 1 and 324 in study 3). Most controls in study 2 of this report were controls in study 1 (28 controls) or study 3 (411 controls) of the previous report. In this report, we tested 11 647 SNPs (in 7136 genes) for association with early-onset MI. In the previous report, we tested 10 377 of these SNPs (in 6606 genes) for association with MI. The VAMP8 and HNRPUL1 SNPs described in this report were not tested in the previous report. Of the 4 SNPs found to be associated with MI in the previous report, the SNPs in ROS1 and palladin were among those tested in study 1 of this report, and they trended toward association with early-onset MI (0.05ϽPϽ0.1). The other 2 SNPs described in the previous report (in TAS2R50 and OR13G1) were not among the SNPs initially tested in study 1 of this report. However, we later genotyped these SNPs in study 1 and found that they were associated with early-onset MI (PϽ0.05; data not shown), but this is not an independent confirmation of the association of the TAS2R50 and OR13G1 SNPs with MI because many subjects were in both studies. We also genotyped a THBS4 SNP in study 1 and study 2 because it had been reported to be associated with early-onset MI, 23 and we found that it was associated with early-onset MI in study 2 (PϽ0.05) but not in study 1 (Pϭ0.77).
The case-control studies conducted in this investigation limit our conclusions. Because these retrospective studies did not include fatal cases of early-onset MI, genetic markers specifically associated with this severe phenotype would not have been identified. The 3 studies did not all use the same definitions of ethnicity or case and control status, and because control status was based on self-reported history, some controls could have been misclassified. Additionally, this study was designed to identify associations with early-onset MI, thus it may not have had sufficient power to detect potential interaction with traditional risk factors.
The variants we described in VAMP8 and the HNRPUL1 region are good candidates for genetic analysis in populationbased studies of cardiovascular disease. If the association of the VAMP8 and HNRPUL1 region variants with early-onset MI is further confirmed, these variants could advance our understanding of disease mechanism, suggest targets for therapeutic intervention, and be useful in assessing genetic risk of early-onset MI.
